Droughts can change the distribution and alter the behaviour, phenology and physiology of many species, leading in extreme cases to high mortalities or even extirpation. In this study, a before/after comparison was performed in two Portuguese river basins (Rabaçal and Tuela) to assess the possible effects of an extreme drought on the abundance and size structure of two pearl mussel Margaritifera margaritifera populations, a Critically Endangered species in Europe. The hydrological year of 2017 was extremely dry in Portugal and this situation was responsible for a major reduction of the river flow and rapid decrease in the water levels during summer. One year after the drought, a significant reduction in abundance was observed (i.e. 27.6% for the Rabaçal and 38.7% for the Tuela basin populations). However, no differences were detected in the size structure of the two pearl mussel populations. Droughts are predicted to increase in number and intensity and it is crucial to monitor M. margaritifera populations, given the low resistance (and possibly low resilience) of this species to these extreme conditions. Management measures that could help the conservation of pearl mussels are discussed.
mortality (Garrabou et al., 2009) , changes to the phenology and physiology of organisms (Siegmund et al., 2016) including the reduction of the reproductive ability (Sales et al., 2018) , and alterations on species distributions (Wuethrich, 2000) . Extreme climatic events may also change population and community dynamics and ecosystem functions with long-lasting effects (Walther et al., 2002; Bellard et al., 2012) or even be responsible for regime shifts (Harris et al., 2018; Maxwell et al., 2019) .
Droughts, in particular, can be described as meteorological events related to precipitation deficits of significant magnitude over a prolonged time and/or area (Lake, 2011) . The occurrence of droughts and its legacy in freshwater ecosystems have been particularly well documented (Hastie et al., 2003; Golladay et al., 2004; Bond et al., 2008; Haag & Warren, 2008) . Examples include the alterations in freshwater mussel assemblages (lower densities and species richness) due to the synergistic effect of drought and a decrease in reservoir releases in Kiamichi River (USA) responsible for the increased mortality of thermally sensitive species (Galbraith et al., 2010) .
According to their periodicity, droughts can be divided in two main types: seasonal, which are predictable and periodic; and supra-seasonal that are characterized by an unpredictable decline in precipitation (Humphries & Baldwin, 2003) . Organisms may respond differently to both types of droughts. In one hand, and since seasonal droughts are predictable, organisms are able to develop mechanisms to increase survivorship such as life-history scheduling, the use of refuges or migration to more suitable habitats (Winemiller & Jepsen, 1998; Chester & Robson, 2011) . On the other hand, supra-seasonal droughts are erratic in time and duration, making it more difficult for organisms to develop coping mechanisms of resistance and adaptation (Lake, 2003) . Our knowledge of the consequences of seasonal droughts on biodiversity is greater, which is understandable given the low predictability of supra-seasonal droughts (Lake, 2003) .
Freshwater mussels (Bivalvia, Unionida), being benthic organisms with low mobility, may be highly prone to the negative effects of droughts and consequent reduction in water availability . In fact, a direct effect of drought is the reduction of water quantity leading to the exposure of river banks, which in turn reduces the available habitat for some species (Lake, 2011) , including freshwater mussels (Santos et al., 2015) . These organisms may dominate the biomass of some freshwater ecosystems and are considered indicator species since they respond to environmental disturbance (Lopes-Lima et al., 2014 . In addition, freshwater mussels are highly threatened being considered one of the most imperilled groups of organisms in aquatic ecosystems and over the last years the number of studies dealing with the conservation of these species increased substantially, mainly on North America and Europe (Lopes-Lima et al., 2014 , 2017 .
The pearl mussel Margaritifera margaritifera (Linnaeus, 1758) is one of the freshwater mussel species with highest conservation importance, and the number of ecological studies and applied conservation programmes increased substantially in the last two decades (Geist, 2010; Lopes-Lima et al., 2017; Sousa et al., 2019) . This species is one of the most threatened bivalves in Europe being classified as Endangered (Critically Endangered in Europe) by the IUCN, and protected by the European Union under annexes II and V of the European Commission Habitats Directive [92/43/EEC]. Margaritifera margaritifera occurs in oligotrophic waters, and requires specific fish hosts (Salmo salar and Salmo trutta) for their larvae to metamorphose . Given that M. margaritifera prefers to live near the banks at lower depths in Portuguese rivers, and have almost no locomotor capacity after settlement, this species is highly vulnerable to desiccation caused by water shortage during droughts Sousa et al., 2015 Sousa et al., , 2018 . In addition to desiccation, pearl mussels are more prone to predation during droughts given the lower water depth and to inefficient management of water released from dams .
Theoretically, freshwater species may respond to changes in climate by altering geographic ranges and dispersing to northern latitudes or higher altitudes. However, species like M. margaritifera have little to no mobility and depend on other species to disperse (i.e. fish hosts). Furthermore, the Iberian populations of M. margaritifera occur at the southern limit of the species distribution and recent changes in temperature, precipitation or increase of extreme events have been responsible for high mortalities (Sousa et al., 2012; Santos et al., 2015) . Despite the potential high impacts generated by climate change on M. margaritifera, very few studies attempt to quantify the before/after effects of extreme events such as droughts.
Given the poor conservation status of M. margaritifera in Europe, the main aim of this study is to assess the effects of the 2017 drought in pearl mussel populations colonizing two Iberian basins (Rabaçal and Tuela). Building on an earlier study that evaluated the mortality of pearl mussels in the Rabaçal and Tuela basins during the summer of 2017, in the current study we sampled both populations before and after the peak of the 2017 summer drought in order to assess possible differences in abundance and size structure. We hypothesize a significant reduction in abundance and change in the size structure of pearl mussels colonizing both basins due to the lower resistance (as a response to lower mobility and habitat preference) and resilience (due to long life cycle) of this species.
Materials and methods

Study area
Surveys were performed in the Rabaçal, Mente and Tuela Rivers, located in northern Portugal. Rabaçal, Mente and Tuela are tributaries of the Tua River (Douro basin) with lengths of 88, 57 and 102 km, respectively (Fig. 1 ). The three rivers experience a similar climate, with a marked seasonal and interannual variation of temperature and precipitation (Oliveira et al., 2012; Sousa et al., 2015) . This precipitation pattern is reflected in a variable river flow along the year, being higher during the winter and lower during the summer/early autumn months . Part of the study area is included in a protected area, the Montesinho Natural Park. The three sampled rivers have a very low human pressure and are highly forested (mainly Quercus spp.) being considered an important habitat for threatened aquatic species such as pearl mussels M. margaritifera (Endangered), water desman Galemys pyrenaicus (Vulnerable) and Iberian loach Cobitis calderoni (Endangered) (Sousa et al., , 2019 . Despite the lower human disturbance, the three rivers have been threatened in the last decade by flow modification (dams and weirs), the introduction of non-native species (Sousa et al., 2019) and increasing occurrence of extreme climatic events such as floods and droughts (Sousa et al., 2012 .
Sampling strategy and data analysis
Precipitation data since 1941 to 2018 were obtained from the European Climate Assessment & Dataset project (http://www.ecad.eu) which comprises a daily dataset of surface air temperature and precipitation for the European countries (for details see Tank et al., 2002) . Rainfall data were used as a proxy for river flow (Magalhães et al., 2007) since no data regarding this parameter exist for the three study rivers.
Margaritifera margaritifera surveys were carried out in late July/early August 2017 and again in the same period of 2018. In total, 30 sites were surveyed each year, being 15 sites located in Rabaçal River (R1-R15), 2 in Mente River (M1-M2) and 13 in Tuela River (T1-13) ( Fig. 1 ). Individuals were surveyed by snorkelling in 50 m river stretches by three to four experienced divers (for the detailed methodology see Sousa et al., 2018) . Four to nine search replicates (5 min per replicate) were accomplished for each site. The number of replicates was higher in sites with lower abundance. Abundance was expressed as the number of individuals per each 5 min search replicate (catch per unit of effort, CPUE). All mussels were measured with a Vernier calliper (to 0.1 mm) and then returned to their habitat in the original position.
Differences in abundances of M. margaritifera between 2017 and 2018 and sites were assessed by a two-way ANOVA for the Rabaçal and Tuela basins separately. Since Mente River is a tributary of Rabaçal we joined the two sites of Mente River to the Rabaçal basin. Values for the abundances in the Rabaçal basin were log transformed in order to achieve a normal distribution. Differences in size of M. margaritifera between 2017 and 2018 were assessed by a t test for the two basins. Size of pearl mussels found dead in 2017 was obtained through data already published in Sousa et al. (2018) .
All the statistical analyses was performed with R Studio (Version 1.1.463).
Results
The 2017 drought in Portugal, and in the two river basins in particular, started in March and reached its maximum severity from August to October. The cumulative precipitation recorded for the meteorological year of 2016/2017 (from October 2016 to September 2017) showed much lower values (117.7 mm) than the average registered since 1941 (167.6 mm), and those of the following year 2017/2018 (157.6 mm) ( Fig. 2) . Unfortunately, no data exist for the historical or current river flows in Rabaçal, Mente and Tuela Rivers. However, precipitation can be used as a good proxy for river flow and clearly from March 2017 to February 2018 we observed a great reduction in the precipitation when compared to historical data. This lack of precipitation was responsible for a rapid decrease in the river flow and water depth in the three surveyed rivers during summer. Although none of the rivers dried completely in any stretch, a considerable drop in water level was observed and shallower areas near the banks dried completely by the end of August (Fig. 3) .
The average abundance in the Rabaçal basin was 25.2 ind.CPUE and 18.2 ind.CPUE in 2017 and 2018, respectively; corresponding to a decrease between years of 27.6%. In the Tuela basin, the average of individuals surveyed was 9.4 ind.CPUE and 5.7 ind.CPUE in 2017 and 2018, respectively; corresponding to a decrease of 38.7%. Abundance in the Rabaçal basin differed significantly between 2017 and 2018, (P = 0.0013; F 1, 133 = 10.75) and among sites (P \ 0.0001; F 16, 133 = 54.66), with a significant interaction between years and sites (P \ 0.0001; F 16, 133 = 3.363) (Fig. 4a ). The same happens in the Tuela basin, where abundance was significantly lower in 2018 compared to 2017 (P \ 0.0001; F 1, 140 = 22.61). A significant difference was also found among sites (P \ 0.0001; F 12, 140 = 35.45), with a significant interaction between years and sites (P = 0.0185; F 12, 140 = 2.130) (Fig. 4b ).
Significant differences were found in the average size between 2017 and 2018 in Rabaçal basin and this is probably related to the large sample size (t = 3.65, P \ 0.001) ( Fig. 5a ). However, no differences were detected in the Tuela basin (t = -1.47, P = 0.1414) ( Fig. 5b) . Average sizes were smaller at sites with higher average abundance (Pearson's r = -0.49; P \ 0.001) given the higher percentage of juveniles in sites with higher abundances (data not shown). Percentage of individuals by size categories remained relatively similar after the drought and follow also similar results reported by Sousa et al. (2018) for the mussels found dead near the banks, being the higher percentage of individuals found in the 60-70 and 70-80 mm size categories (Fig. 6 ). 
Discussion
In 2017 Portugal was subjected to very low precipitation, and the Palmer Drought Severity Index showed that by October 24.8% of the territory was already suffering a severe drought being the remaining 75.2% under an extreme drought (IPMA, 2019). This extreme climatic event led to the decrease of river flow causing the mortality of M. margaritifera individuals in the Rabaçal and Tuela basins (for details on these mortalities see Sousa et al., 2018) . In this study we clearly show that the extreme 2017 summer drought affected the abundance of the pearl mussel M. margaritifera in the southern edge of its distribution and this situation may impair the future conservation of this species. As expected, and given the large spatial scale and the number of sites surveyed in this study, spatial heterogeneity is responsible for different abundances across sites and this situation was already described for the Rabaçal and Tuela basins in earlier studies . Despite being out of the scope of this study (i.e. assessment of microhabitat preferences), M. margaritifera has certain habitat preferences such as: a river bed composed by boulders, gravel and sand with very low organic matter content, shallow areas with a depth up to 0.8 m and a current velocity up to 0.2 ms -1 in Portuguese rivers during summer conditions . Therefore, it is expected that sites subjected to these ideal conditions (for example sites R10 and T11) have higher abundances than those sites that depart from these characteristics (for example sites R1, R2, R3, T1, T3 and T4).
The reduction in water flow and sudden decrease in the water levels led to mussels stranding in the river Fig. 4 Boxplots showing the abundances (ind. CPUE) for the species Margaritifera margaritifera in the Rabaçal basin (a) and the Tuela basin (b) between the years 2017 and 2018. Boxplots show median values (central line), the range from the 25th to 75th percentile (box) and the largest and lowest value within 1.5 times interquartile range below and above the 25th and 75th percentile (whiskers) and dots represent extreme values banks and to an increase in predation by wild boar Sus scrofa. These two mechanisms were responsible for the massive mortalities reported in Sousa et al. (2018) . Pearl mussels have no mobility and prefer habitats near the banks , enhancing the vulnerability of this species to supra-seasonal droughts. According to Morales & Lizana (2014) similar results were reported for the Negro River (Douro basin, Spain) during the 2009 summer drought, with a recorded mortality of 37%. In addition, increased predation by wild boars was also detected in the Negro River (Morales et al., 2011) . In larger streams, sites with permanent pools are more difficult to dry, decreasing the risk of mortality associated with desiccation and predation . On the contrary, sites located in shallow areas, with riffles, are more likely to increase the species vulnerability to emersion due to the lack of deeper refuges, resulting in higher mortality rates. For instance, the differences in abundance were higher in the site R5 (Rabaçal River), 75th percentile (box) and the largest and lowest value within 1.5 times interquartile range below and above the 25th and 75th percentile (whiskers) and dots represent extreme values in both sites of the Mente River, as well as in T7 and T11 (Tuela River), being all these sites very shallow and located in riffles. On the other hand, differences in abundance between 2017 and 2018 were smaller in sites located in deeper areas, such as R12 (Rabaçal River) and T2 (Tuela River).
According to other studies (e.g. Gagnon et al., 2004) , oxygen levels may decrease during drought conditions and be responsible for high mortalities in freshwater mussels. However, this was not the case in this study since oxygen levels were high, only varying between 7 and 9 mg l -1 during the summer of 2017 (authors personal observation).
Given the decrease in abundance in both basins after the drought, it is clear that this species has low resistance to these extreme climatic events, being this situation mainly caused by the low mobility of these organisms. In addition, we cannot exclude that pearl mussels that were not killed by desiccation, but were in a situation of inadequate flow velocity for a prolonged period, suffered from a reduction in muscular condition being more vulnerable to death during the next period of high flow, when they can be washed onto the river bank or downstream into inappropriate habitat. However, as this situation was not assessed in this study, its importance remains speculative and should be further investigated. In fact, extreme droughts are not the only climatic threat to this species, as floods may also be responsible for high mortalities (Sousa et al., 2012) . For example, a major flood in 1998 on the Kerry River (Scotland), one of the largest pearl mussel populations in the world, caused a M. margaritifera population decline of 4-8% (estimated mortality of 50,000 individuals) (Hastie et al., 2001) . The effects of the 2017 drought in the pearl mussel populations were felt in all size categories, and so the size structure was maintained reasonably stable after the drought. The percentage of individuals found dead in 2017 (data collected by Sousa et al., 2018) in each size category is similar to the observed before/after the drought, as most pearl mussels belong to the 60-70 and 70-80 mm categories. Therefore, in this study we were not able to observe a higher vulnerability of juveniles (or any size category) to drought conditions.
The freshwater pearl mussel populations in Portugal suffered a severe decline in the last decades being the Rabaçal and Tuela basins considered as the most important populations in the country . The declines in abundance reported here (i.e. 27.6% and 38.7% for Rabaçal and Tuela basins, respectively) are alarming and turn urgent the conservation of both populations. Anyway, results should be interpreted with some cautions as other factors like the sampling conditions in both years (e.g. visibility or current velocity) may introduce some bias. However, this bias should be minimal since surveys were performed by the same divers, sampling sites and number of replicates were the same, and visibility conditions during surveys were excellent.
As climate change interacts synergistically with other stressors (e.g. habitat degradation and fragmentation, and introduction of non-native species), it is crucial to assess the consequences of future droughts on both populations and provide management solutions that may mitigate impacts. Extreme droughts are projected to increase in number and intensity (Easterling et al., 2000) , and so it is necessary to monitor populations of M. margaritifera, as this species may not adapt to extreme conditions. The decrease in pearl mussel abundance may also implicate the loss of important ecosystem functions such as sediment mixing, water filtering, nutrient release and their shells provide habitat for other species (Geist, 2010; Vaughn & Hakenkamp, 2001 ). In addition, and beyond direct mortality as reported here, extreme thermal conditions can potentially affect the reproduction of pearl mussels (Hastie et al., 2003) , as they release glochidia in late summer (August-September) when the river flow is the lowest in the study area.
Given the complex life cycle, low dispersal capacity, the restricted ecological niche and the existence of other environmental stressors (invasive species; Sousa et al., 2019) , this species, in addition to the apparent low resistance to climatic extremes, also seems to have very low resilience. This means that both populations could take years to recover or not recover at all. One way to assess the species future resilience is by careful monitoring of these populations, including on critical periods of low river flow. During future drought conditions, and if necessary, pearl mussels from the most affected areas should be transferred to deeper areas and/or to laboratory until better environmental conditions return and turn possible the transfer of organisms to their original sites. In alternative, reproduction in captivity and posterior release into the wild accompanied by genetic studies, monitoring of the fish host (the brown trout Salmo trutta) and by stream restoration, are also possible management actions to be taken in order to increase M. margaritifera resilience. Although reproduction in captivity can be constrained by the complexity of the life cycle of pearl mussels, there has been successful cases in Germany, Northern Ireland and many other European countries (review in Gum et al., 2011) . In addition, and even though most individuals are located upstream the influence of small dams, sites located downstream could potentially benefit from a better management of river flow, especially during the dry season. Also, it would be pertinent to forecast future climatic scenarios for M. margaritifera distribution at different spatial scales (following Santos et al., 2015; Bolotov et al., 2018) .
In conclusion, this study shows how an extreme climatic event directly affected the abundance of two of the most important Iberian pearl mussel populations. Although being a conservation target in Europe, this species is decreasing in distribution and abundance, and future management should include in-situ and ex-situ actions, as well as long-term monitoring. The degree of impact of climate change on pearl mussel populations also depends on other human activities, as water abstraction (for agriculture) and bad management of river flow (due to dam operations) exacerbate the problem. Given the decline in abundance reported here, it is crucial to include the assessment of impacts of extreme climatic events on conservation planning and management of M. margaritifera.
